dead space is cumbersome and requires a large chamber (Douglas Bag) for the collection of mixed expired gas. In addition, measured mixed expired PCO 2 requires correction for compressed ventilator gas that contaminates the expired volume. 7 For these reasons, efficiency of ventilation is seldom monitored in critically unwell patients.
The Pa O 2 /FI O 2 ratio is a widely used bedside index of adequacy of oxygenation and is the only measured variable used to categorize disease severity in ARDS. No such index of ventilatory efficiency is in common use. There is, therefore, a clinical need to develop an index that is easy to calculate and monitors ventilatory efficiency at the bedside. Ventilatory ratio (VR) has been recently described and could potentially fulfil this role. VR is a product of measured expired minute ventilation (V E measured ) and measured arterial PCO 2 (Pa CO 2 measured ) normalized to a preset ventilatory standard established from nomograms. 8 VR is a unitless ratio. 9 Physiological analysis shows that VR is influenced by physiological dead space fraction and CO 2 production, two variables seldom measured in intensive care units (ICUs).
The aims of this study were:
(i) to evaluate the previously described physiological properties of VR in a cardiorespiratory simulation model; (ii) to assess the clinical applicability of VR in a database relating to patients with ARDS.
Methods

Ventilatory ratio
VR is defined as VR =V E measured × Pa CO 2 measureḋ V E predicted × Pa CO 2 ideal (1) whereV E predicted is taken to be 100 ml kg 21 min 21 based on predicted body weight and Pa CO 2 ideal is set at 5 kPa. Physiological analysis of VR shows that it is influenced by changes in the ventilatory efficiency and rate of CO 2 production (VCO 2 ) VR =V
where E is 'efficiency' described as 1 − (V D /V T ). For a given individual, the predicted values would remain constant; therefore, we could restate equation (2) as:
Equation (3) shows that an increase in VR would be due to either an increase in dead space, an increase inVCO 2 , or both.
Nottingham Physiological Simulator
The Nottingham Physiological Simulator is a previously validated multi-compartment computational lung model that has previously been used for theoretical investigation of carbon dioxide production, dead space ventilation, and carbon dioxide clearance. 10 11 Three virtual patients were configured with normal, moderate, and severe gas exchange defects. Gas exchange defects were created by varying ventilation -perfusion (V/Q) mismatch.V/Q mismatch was altered within the simulator by varying compartmental bronchiolar and pulmonary capillary resistance. Details of the simulator configuration of the respective bronchiolar and pulmonary capillary resistance for the three virtual patients can be found in Supplementary Appendix S1. In all three virtual configurations, the patient settings were for a 70 kg and 170 cm individual. True series (anatomic) dead space (V Danat ) was configured at 147 ml, haemoglobin at 145 g litre 21 , and body temperature was set at 37.28C. (Fig. 1) . VR was larger as dead space increased. Figure 2A P,0.01). VR shared a linear relationship with 1/E as demonstrated in Figure 2B . There was also a linear relationship betweenVCO 2 and VR when V D /V T was constant.
Results
Nottingham Physiological Simulator
ARDS database
The baseline patient characteristics are presented in Increasing value of VR was associated with an increased risk for mortality (x 2 test for trends P,0.01) (Fig. 3) . Univariate logistic regression analysis showed that higher VR was associated with increased mortality [odds ratio (OR) 3.55, CI 1.61 -7.84, P,0.01]. Table 2 summarizes the results of univariate logistic regression analysis of individual respiratory variables with mortality as the primary outcome. Stepwise multivariate logistic analysis showed that VR remained a significant independent predictor of mortality after the addition of APACHE II score to the baseline model (OR 3.05, 95% CI 1.35 -6.91, P,0.01) and after addition of PEEP and PIP to the baseline model (OR 2.55, 95% CI 1.06-6.14, P¼0.02) ( Table 3) . Analysis of variance by groups based on the Murray lung injury showed that VR was significantly different in each of the groups [score ,2: VR 1.21 (0.45), score 2-2.5: VR 1.37 (0.37), and score .2.5: VR 1.74 (0.62)].
14 There was weak negative correlation between Pa O 2 /FI O 2 ratio and VR in the population (r¼ 20.4, 95% CI 20.54 to 20.23, P,0.01) (Fig. 4) .
Discussion
Two separate methods were chosen to evaluate the robustness, clinical applicability, and potential usefulness of VR. The study with virtual patients using the Nottingham Physiology Simulator (NPS) demonstrated that both dead space anḋ VCO 2 influences VR. Virtual patients configured to have higher V D /V T had higher VR. IncreasingVCO 2 , while V D /V T remained constant, also led to increasing values of VR. Results from the NPS confirm that VR responds to changes in physiological conditions as predicted by equations (2) and (3). Evaluation of the physiological properties of VR Figure 2 describes the relationship of V D /V T and VR in the NPS with the additional effect ofVCO 2 . From the various isopleths, we can observe that for a given V D /V T , the values of VR would depend on the rate ofVCO 2 . This relationship is akin to that described between Pa CO 2 , alveolar ventilation, andVCO 2 by Nunn. 15 The physiological properties of VR should, therefore, be intuitive to clinicians interpreting changes in its value. In patients in steady state whereVCO 2 is likely to remain relatively stable, changes in VR would be representative of changes in physiological dead space. However, a more simplistic assessment of VR shows it to be either a marker of efficiency of CO 2 clearance or of adequacy of meeting ventilatory demands. A VR of 1, in a clinical context, is likely to represent the lungs functioning with a reassuring degree of efficiency regardless of the dead space orVCO 2 . While a VR of 2 would represent the inability of the lung to clear CO 2 adequately be it a manifestation of increased dead space orV CO 2 . In patients with marked respiratory failure, an increase in ventilatory demands is most likely to be as a result of increased dead space ventilation.
From the modelling work, we estimate that 0.85 is probably closer to being near the 'normal' value for VR. Nomograms that were used as a guide to set the predicted values probably overestimate required adequate minute ventilation. 8 16 Similarly, using ideal PCO 2 as 5 kPa has also resulted in a small amount of inaccuracy. Part of the objective of the ratio, however, was that it should be simple to calculate at the bedside. Therefore, a small degree of accuracy has been knowingly relinquished for the sake of ease of calculation. Given that arterial PCO 2 is used as a surrogate for alveolar PCO 2 , the contributions of intrapulmonary shunt are incorporated in VR. Therefore, changes in shunt would also influence VR. This holds true for most methods of calculating physiological dead space. 17 In the second part of the study, VR was calculated in an existing data set of ARDS patients. The results indicate that VR has prognostic significance. Higher VR was associated with increased mortality. Mean VR was higher in non-survivors than in survivors. Patients with moderate-to-severe ARDS had higher VR than those with mild ARDS. VR was also significantly larger in groups with higher Murray lung injury scores. These results suggest a relationship between severity of lung injury and VR. Figure 3 shows that the higher ordinal groups of VR were associated with an increased risk in mortality. These findings are in keeping with the findings of other studies that have looked at ventilatory efficiency as a prognostic marker. 3 18 VR was also an independent predictor of outcome in this population after adjusting for the APACHE II score. (Fig. 4) . The value of VR in addition to the Pa O 2 /FI O 2 ratio can be interpreted from this relationship. A tight correlation between oxygenation and ventilatory efficiency would suggest that the physiology of oxygenation and CO 2 clearance are the same. This is clearly not the case and suggests that VR provides clinicians with additional information about the state of the lung that cannot be extracted from the Pa O 2 /FI O 2 ratio. In theory, VR may be more robust as a marker of the pathological state of the lungs in ARDS. There are fewer variables that can be externally manipulated to alter the value of VR. Specifically, tidal volume and its ratio with the frequency of delivered breaths can be altered to change VR. Provided dead space volume is constant, a decrease in tidal volume will lead to an increase in V D /V T and thereby lead to an increase in VR. The magnitude of change in VR would depend on the underlying state of the lungs and the level of CO 2 production. As seen in Figure 4 , values of VR were more heterogeneous in patients with moderate-to-severe ARDS compared with those with mild ARDS. Coupled with an increased association of death with increasing values of VR, there may be biological plausibility in the addition of VR to the current definition of ARDS. The trend of increasing mortality in ordinal groups of VR (Fig. 3) substantiates the importance of ventilatory failure as a predictor of outcome. VR may be used to categorize the ARDS population into those with or without significant ventilatory failure and identify high-risk patients. In an era where extracorporeal oxygenation and CO 2 removal are increasingly being used, early recognition and categorization of ventilatory failure may trigger instigation of these therapies at an earlier stage potentially offering more effective therapy. There are aspects of the ratio that need further attention in terms of assessing its clinical performance. The presented ARDS database in this study was small and collected before the introduction of the widespread use of protective lung strategy. Protective lung strategies over the last decade will result in higher values of VR as a result of lower tidal volumes. Further studies are needed to evaluate the behaviour of VR in current ventilatory practice. Larger prospective studies are needed to verify the results presented here.
Summary
VR is a novel tool to monitor ventilatory efficiency at the bedside. Physiological analysis shows that VR is mainly influenced by dead space andVCO 2 . Evaluation in a cardiorespiratory simulator confirms that VR behaves as would be anticipated by its physiological properties. Although VR may be a relatively crude marker of dead space fraction, it is easy to calculate and appears to be useful as a clinical tool for assessing disease severity and predicting mortality in patients with ARDS. It has potential for use as a tool for categorizing disease severity and monitoring disease progression.
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